Introduction {#Sec1}
============

Colorectal cancer (CRC) is commonly diagnosed. Differentiation deficiency is one of the key characteristics. Poorly differentiated CRC shows high proliferation and metastasis capacity, which has a serious impact on patient survival and prognosis \[[@CR1]\]. Molecularly, the vast majority of poorly differentiated CRCs contain constitutive WNT/β-catenin signal activation. Due to the activated WNT signaling mutations in adenomatous polyposis coli (APC) or axin/conductin, nuclear translocation of β-catenin is induced, and consequently contributes to cell fate determination via β-catenin/transcription factor (TCF) complexes \[[@CR2]--[@CR5]\]. Free cytoplasmic β-catenin is destabilized by a multiprotein complex containing Axin, glycogen synthesis kinase 3β (GSK-3β) and the APC tumor suppressor. GSK-3β phosphorylates β-catenin, which earmarks β-catenin for ubiquitination and degradation by the SKP1-cullin-F box protein (SCF) complex \[[@CR6], [@CR7]\]. The GSK-3β inactivation by APC mutation or oncogenic phosphatidylinositol 3 kinase (PI3K)/AKT activation leads to the β-catenin/TCF complex formation, and further induced TCF target gene expression levels, such as Myc, cyclin D1 \[[@CR8], [@CR9]\].

Another character of cellular differentiation is the diminished rate of cell cycle progression. The G1-S transition is driven mainly by cyclin-dependent kinase (CDK) 2, which is controlled by CDK inhibitor p21^WAF1^ (p21) and p27^KIP1^ (p27) \[[@CR10], [@CR11]\]. Stabilities of intracellular p21 and p27 are predominantly regulated by S-phase kinase-associated protein 2 (Skp2) \[[@CR12], [@CR13]\]. Based on the key role of Skp2 as an E3 ligase in cancer development, the related oncogenic pathways have been investigated, such as PI3K/AKT pathway, WNT/β-catenin pathway \[[@CR14]--[@CR16]\]. Especially, Skp2 is shown transcriptionally regulated by β-catenin/TCF complex through recognition of two TCF/lymphoid enhancer-binding factor 1 (LEF1) consensus binding sites on Skp2 promoter \[[@CR16]\].

N-Myc downstream-regulated gene 2 (NDRG2) as a member of the NDRG family was first identified in our laboratory \[[@CR17]\]. As a tumor suppressor, NDRG2 has been found downregulated in multiple tumors including CRCs \[[@CR18]\]. Notably, our recent work demonstrated that NDRG2 is involved in the metabolic reprogramming \[[@CR19]\], and TGF-β-induced epithelial--mesenchymal transition \[[@CR20]\] in CRCs. Accumulating evidence indicates that NDRG2 is involved in regulating cell differentiation and proliferation. NDRG2 levels are positively correlated with tumor differentiation stages in various cancers \[[@CR21], [@CR22]\]. Elevated NDRG2 expression confers to the induction of E-cadherin expression and prolongs overall survival in CRC patients \[[@CR21]\]. Although there is still no direct evidence to prove how NDRG2 coordinates cancer cell proliferation and differentiation, and the underlying mechanism is largely unknown. In this report, we explored the association of NDRG2 with CRC differentiation in patients and transgenic mice, and reported a reciprocal regulatory relationship between NDRG2 and Skp2 that controls cell differentiation and confers to their aggressive growth.

Results {#Sec2}
=======

NDRG2 is a differentiation-specific marker in CRCs {#Sec3}
--------------------------------------------------

To fully address the clinical significance of NDRG2 in CRC patients, we first sought to determine its expression in CRC and adjacent normal colon tissues from 112 patients. Immunohistochemical and statistical analysis showed that NDRG2 was broadly lowly expressed in the aggressive CRCs (Figs. [1a, b](#Fig1){ref-type="fig"}), whereas NDRG2 was predominantly highly expressed in well differentiated CRCs (Fig. [1c](#Fig1){ref-type="fig"}). We then correlated NDRG2 involved cell differentiation with CRC patient outcome. The poor differentiation status showed a high correlation with decreased survival (Fig. [1d](#Fig1){ref-type="fig"}), demonstrating differentiation is a critical marker for the prognosis of CRC patients. Meanwhile, low NDRG2 expression correlated with decreased survival (Fig. [1e](#Fig1){ref-type="fig"}). A further study in silico analysis of 383 primary CRC tissues of the multidimensional data set from The Cancer Genome Atlas (TCGA) also revealed that low NDRG2 expression predicts a poor CRC patient outcome (Fig. [1f](#Fig1){ref-type="fig"}), which is due to the hypermethylation of NDRG2 promoter (Fig. [1g](#Fig1){ref-type="fig"}). Interestingly, low NDRG2 expression showed a most evident correlation with decreased survival in patients whose tumors also had low p21 or p27 expression (Figs. [1h, i](#Fig1){ref-type="fig"}), indicating the CDK inhibitors probably be involved in NDRG2 regulation of CRC malignancy. Thus, NDRG2 is a differentiation-specific marker in CRCs and related to prognosis.Fig. 1NDRG2 is a differentiation-specific marker in CRCs. **a** Immunohistochemistry staining of NDRG2 in human adjacent normal and cancerous colon tissues from CRC patients. **b**, **c** NDRG2 expression in human tissues at different stage **b** or differentiation status **c**. Student's *t-*test was applied for statistical analyses. **d**, **e** Kaplan--Meier plots indicate the clinical outcomes for different CRC differentiation status **d** or NDRG2 expression patterns **e** by immunohistochemistry staining in CRCs. **f**-**i** Silico analysis of 383 primary CRC tissues of the multidimensional data set from The Cancer Genome Atlas (TCGA) cbioportal data set. **f** Clinical outcomes for NDRG2 expression pattern were evaluated. **g** The correlation between the TCGA expression and methylation data for NDRG2 in CRC adenocarcinoma. **h**, **i** Clinical outcomes for the gene expression patterns given at the top of each panel. **e**, **f**,**h**, **i** For NDRG2, CDKN1A and CDKN1B, high expression indicates expression above the mean, calculated across all samples. Conversely, low expression indicates expression below the mean. **a**-**i** *n* indicates the number of patient samples evaluated in each analysis. *P*-values were calculated using the Mantel--Cox log-rank test. \*\**P *\< 0.01. \*\*\**P*\<0.001

NDRG2 dictates intestinal epithelial cell differentiation {#Sec4}
---------------------------------------------------------

To further characterize NDRG2 function during cell differentiation, we isolated the whole colon of C57BL/6 mice at the age of 1, 2, or 3 months, respectively, which have differentiation status verified by elevated E-cadherin expression and alkaline phosphatase (AKP) activities (Figs. [2a--c](#Fig2){ref-type="fig"}). In accordance, *Ndrg2* expression was increased in the colon of 2- and 3-month mice accompanied with the increased expression levels of p21 and p27 (Figs. [2a, b](#Fig2){ref-type="fig"}). Due to the positive correlation of NDRG2 with p21 and p27, we propose NDRG2 may regulate cell differentiation through these CDK inhibitors.Fig. 2NDRG2 dictates intestinal epithelial cell differentiation. **a** Immunofluorescent staining of E-cadherin, *Ndrg2*, p21, and p27 in intestinal epithelium from C57BL/6 mice at the age of 1, 2, or 3 months as indicated. **b** Quantification of fluorescence intensity ImageJ. **c** AKP activities of intestinal epithelial cells from mice at the indicated age. **d** Schematic representation of the *Ndrg2* targeting vector (top), wild-type locus (WT, middle), targeted allele (Ndrg2-floxed, middle), and null allele (Ndrg2-Null, bottom). Exons are represented by solid rectangles. The targeting vector, which is flanked by 3675 bp of 5′ homology and 2138 bp of 3′ homology, contains a LoxP-FRT-Neo-FRT cassette and the second LoxP sequence in introns 1 and 6, respectively. **e**--**g** Immunofluorescent staining and intensity quanification of *Ndrg2*, p21, and p27, and AKP activity were measured in intestinal epithelium from 2-month WT or NDRG2-/- mice. \**P* \< 0.05

Thus, we further generated a mouse line carrying the *Ndrg2* conditional knockout allele (*Ndrg2*-/-) with exons 2--6 flanked by LoxP sites (Fig. [2d](#Fig2){ref-type="fig"}). Female homozygotes (*Ndrg2*-/-) were crossed to CMV-Cre transgenic male mice, which have ubiquitous Cre activity. The whole colon was then isolated from wild-type (WT) mice or *Ndrg2*-/- mice. The lengths of colon and villus of *[Ndrg2]{.ul}*-/- mice were longer than those of WT mice, indicating NDRG2 is involved in colon development (data not shown). Immunofluorescence assay showed that *Ndrg2* expression levels were completely abolished in knockout mice. Moreover, we found the reductions of p21 and p27, and AKP activity after *Ndrg2* depletion (Figs. [2e--g](#Fig2){ref-type="fig"}), which confirmed our hypothesis that NDRG2 regulation of colon differentiation is through the inductions of p21 and p27.

NDRG2 diminishes CRC cell growth and facilitates cell differentiation {#Sec5}
---------------------------------------------------------------------

Based on the data from CRC patients and mouse model, we next sought to determine whether gain of NDRG2 function through overexpression would diminish the growth rate (Supplementary Fig. [1A](#MOESM1){ref-type="media"}). Expectedly, ectopic NDRG2 expression markedly diminished the cell growth rate and DNA synthesis in HT29 and HCT116 cells (Supplementary Fig.[1](#MOESM1){ref-type="media"}B and [1C](#MOESM1){ref-type="media"}). Accordingly, the mice with NDRG2-overexpressing HT29 cells developed tumors more slowly than the control group (Figs. [3a, b](#Fig3){ref-type="fig"}). In the related tumor section, the proliferation marker Ki-67 is diminished after NDRG2 overexpression (Supplementary Fig. [1D](#MOESM1){ref-type="media"}). Thus, NDRG2 overexpression diminishes cell growth through the blockage of DNA synthesis of CRC cells both in vitro and in vivo.Fig. 3NDRG2 diminishes CRC cell growth and facilitates cell differentiation. **a**, **b** NDRG2 suppresses tumor growth of HT29 cells in nude mice. Mice (five animals per group) were injected s.c. in the right limb with 1 × 10^7^ HT29 cells. Tumors were excised and photographed 21 days after injection **a**. Tumor size was measured over a 3-week period and tumor volume was calculated by the formula (width^2^ × length × 0.5) **b**. **c**--**f** Cell differentiation status was measured by transmission electron microscopy **c**, AKP activity analysis **d**, **e**, and E-cadherin mRNA expression in the cells labeled on the top of each pane following a 48-h treatment of 2 mM NaBT. **g** Identification of NDRG2 protein expression in HT29 and HCT116 cells expressing an NDRG2-specific shRNA with or without 2 mM NaBT treatment. **h**-**j** Cell differentiation status was measured by AKP activity analysis **h,** **i** and E-cadherin mRNA expression **j** in indicated CRC cells. Data are expressed as means ± SD (*n* = 3). \**P* \< 0.05

A further cohort study in 681 CRC patients showed that NDRG2 is highly associated with CRC differentiation status, and predominantly highly expressed in well differentiated CRCs (Supplementary Table [1](#MOESM5){ref-type="media"}). To better understand how NDRG2 coordinate cell proliferation and differentiation, we determined the differentiation-related phenotypes in CRCs. In quiescent or serum stimulated HT29 and HCT116 cells, the presence of NDRG2 blocked serum-induced cell cycle progression and caused G1 arrest (Supplementary Fig. [2](#MOESM2){ref-type="media"}). Intriguingly, NDRG2 overexpression further induced a regular brush border and tight junction morphology (Fig. [3c](#Fig3){ref-type="fig"}), and increased AKP activity following the treatment of sodium butyrate (NaBT), a potent inducer of intestinal differentiation (Figs. [3d, e](#Fig3){ref-type="fig"}). Adhesion molecule E-cadherin, as a functional marker of differentiation, is necessary for the maintenance of the epithelial cellular structure in CRCs. We here observed that NDRG2 overexpression remarkably increased E-cadherin expression in the presence of NaBT (Fig. [3f](#Fig3){ref-type="fig"}). Thus, NDRG2 expression in CRC cells attenuates cell cycle progression and facilitates cell differentiation. Accordingly, NDRG2 reduction by a specific short hairpin RNA (shRNA) can block NaBT-induced AKP activity and E-cadherin expression (Figs. [3g--j](#Fig3){ref-type="fig"}). Therefore, NDRG2 is a necessary factor for NaBT-mediated CRC cell differentiation.

NDRG2 elevates p21 and p27 levels {#Sec6}
---------------------------------

The cyclins, CDKs, and the CDK inhibitors (e.g., p21 and p27) are important for cell cycle progression, and subsequent differentiation \[[@CR23]\]. We found that ectopic NDRG2 expression decreased cyclin D1, CDK2, and CDK4 expression levels accompanied with the increase of p21 and p27 protein levels (Fig. [4a](#Fig4){ref-type="fig"}). Thus, we reduced p21 or p27 levels by shRNA-mediated knockdown after NDRG2 overexpression (Figs. [4b, e](#Fig4){ref-type="fig"}). p21 reduction markedly decreased NDRG2-induced AKP activity and E-cadherin expression in the presence of NaBT (Figs. [4c, d](#Fig4){ref-type="fig"}). In accordance, p27 knockdown also blocked NDRG2 effects on AKP activity and E-cadherin expression in HT29 cells (Figs. [4f, g](#Fig4){ref-type="fig"}). Thus, NDRG2 expression regulates CRC cell differentiation potentially through increasing p21 and p27 expression, and consequently diminished the rates of cell growth and cell cycle progression. Confirming this point, either p21 or p27 knockdown accelerated the tumor developments, and resumed the growth inhibition of NDRG2 expression in nude mice (Figs. [4h, i](#Fig4){ref-type="fig"}).Fig. 4NDRG2 elevates p21 and p27 levels. We reduced p21 levels using two-lentivirus expressing p21-specific shRNAs in control or NDRG2-overexpressing HT29 cells. We reduced p27 level using a lentivirus expressing a p27-specific shRNA in control or NDRG2-overexpressing HT29 cells. **a**,**b,** **e** Levels of the indicated proteins were determined by western blotting. **c**, **f** AKP activity was determined in each cell population following a 48-h treatment of 2 mM NaBT. **d**, **g** E-cadherin mRNA levels were determined by qPCR assay. **h**, **i** Mice (four animals per group) were injected s.c. in the right limb with 1 × 10^7^ HT29 cells as indicated. Tumors were excised and photographed 5 weeks after injection, and the tumor weight was recorded **h**. Tumor size was measured over a 5-week period and tumor volume was calculated by the formula (width^2^ × length × 0.5) **i**. Data are expressed as means ± SD (*n* = 3). \**P* \< 0.05

Skp2 repression is required for NDRG2-driven post-translational regulation of p21 and p27 {#Sec7}
-----------------------------------------------------------------------------------------

In contrast to the dramatic NDRG2 induction of p21 and p27 protein levels, ectopic NDRG2 expression failed to induce p27 mRNA expression, and partial induced p21 mRNA expression (Fig. [5a](#Fig5){ref-type="fig"}), indicating NDRG2 induction of p21 and p27 is not primarily in transcriptional level. As E3 ligase Skp2 potentially targeting p27 and p21 for degradations, we propose Skp2 may contribute to this axis. We first investigate the reciprocal relationship between NDRG2 and Skp2 during CRC cell differentiation. Long-term post-confluence growth of Caco-2 cells showed regular brush borders and tight junctions, which are structural markers of differentiation (Supplementary Fig.[3](#MOESM3){ref-type="media"}). The elevated expression levels of NDRG2, p21, and p27 were observed in differentiated Caco-2 cells accompanied with Skp2 reduction (Fig. [5b](#Fig5){ref-type="fig"}). Especially, in a 2-day-post-confluence growth induced early differentiation of HT29 cells, NDRG2, and Skp2 were rapidly upregulated and downregulated, respectively (Fig. [5c](#Fig5){ref-type="fig"}). Whereas NDRG2 levels increase just before Skp2 levels began to decline. Thus, NDRG2 may repress Skp2 expression during the early stage of cell differentiation. Supporting this hypothesis, we showed that NDRG2 overexpression decreased Skp2 mRNA and protein levels in both HT29 and Caco-2 cells (Figs. [5d, e](#Fig5){ref-type="fig"}).Fig. 5Skp2 repression is required for NDRG2-driven post-translational regulation of p21 and p27. **a** p21 and p27 mRNA levels were determined in control or NDRG2-overexpressing HT29 and Caco-2 cells. **b**, **c** NDRG2 expression was upregulated after 2-day culture, which is correlated with the increased expression levels of p27 and p21, and decreased expression of Skp2. **b** Levels of indicated proteins in long-term confluence induced differentiation of Caco-2 and HT29 cells. The differentiation induction of Caco-2 and HT29 was performed as described under "Materials and methods" section. **c** Levels of indicated proteins under post-confluence growth induced differentiation. HT29 cells were seeded at 80% confluence at day 0 or continued to grow for an additional 1 or 2 days. **d,** **e** Skp2 protein **d** and mRNA **e** expression in HT29 cells with or without NDRG2 expression. **f**, **g** Levels of indicated proteins in HT29 cells with or without NDRG2 expression following 10 μg/ml CHX treatment for indicated time. p27 and p21 expression levels were further quantified by ImageJ and normalized to β-actin to determine the protein degradation rate. **h**, **i** NDRG2 attenuated p27 and p21 ubiquitination. HT29 cells were transfected with the indicated constructs together with pcDNA3.1( + )-3 HA-Ub and treated with 25 μmol/L MG-132 for 4 h before lysis. Anti-Flag immunoprecipitates from 1.5 mg aliquots of lysates were resolved by 7.5% SDS--PAGE and analyzed by western blotting with anti-HA antibody (top), or anti-FLAG antibody (middle). Cell lysates were subjected to western blotting with an anti-NDRG2 antibody (bottom). *WCL* whole-cell lysate

Due to Skp2 E3 ligase function, we then determined NDRG2 effect on the half-lifes of p21 and p27 via blocking protein synthesis with cycloheximide (CHX). NDRG2 was stabilized when highly overexpressed, possibly due to exhaustion of the degradation machinery (Fig. [5f](#Fig5){ref-type="fig"}). The enhanced stabilities of p21 and p27 were observed in NDRG2 overexpression HT29 cells following CHX treatment (Figs. [5f, g](#Fig5){ref-type="fig"}). Further, we determined p21 and p27 ubiquitylations with the expression of HA-tagged-ubquitin (HA-Ub). NDRG2 overexpression was associated with a reduction in the ubiquitination of p21 and p27 relative to control cells (Figs. [5h, i](#Fig5){ref-type="fig"}). Therefore, NDRG2 attenuates Skp2 expression and consequently blocks the ubiquitinations and degradations of p21 and p27 in advance, which confers to the promotion of CRC cell differentiation.

NDRG2 represses Skp2 transcription via the suppression of β-catenin {#Sec8}
-------------------------------------------------------------------

Due to the central role of WNT pathway in the etiology of CRCs and β-catenin/TCF complexes regulation of Skp2 transcription \[[@CR2], [@CR4], [@CR24]\], we determined the involvement of β-catenin in NDRG2-mediated Skp2 suppression. Results from the subcellular fraction revealed that NDRG2 overexpression markedly reduced the total and nucleus fraction of β-catenin (Fig. [6a](#Fig6){ref-type="fig"}). Consistently, NDRG2 overexpression reduced Topflash activity (Fig. [6b](#Fig6){ref-type="fig"}), and the occupancies of TCF/LEF1 on Skp2 promoter (Fig. [6c](#Fig6){ref-type="fig"}). Whereas NDRG2 reduction by shRNA increased TCF/LEF1 enrichment on Skp2 promoter (Fig. [6d](#Fig6){ref-type="fig"}). Thus, we conclude that NDRG2 blocks TCF/LEF driven Skp2 transcription via suppressing β-catenin nuclear translocation.Fig. 6NDRG2 represses Skp2 transcription via the suppression of β-catenin. **a** NDRG2 overexpression decreased the total and nuclear β-catenin expression. β-Actin and Lamin B served as internal controls. **b,** **c** HT29 cells were transfected with pcDNA3.1 or pcDNA3.1-NDRG2-overexpressing construct. **b** NDRG2 attenuated the induction of TCF/LEF activity following LiCl treatment or Wnt-3a expression. **c,** **d** The amount of TCF bound to the Skp2 promoter was determined by ChIP following NDRG2 overexpression **c** or knockdown **d**. **e** Levels of the indicated proteins were determined by western blotting in HT29 cells. **f**, **g** Levels of the indicated proteins **f** or Skp2 mRNA **g** were determined in HT29 cells treated for 24 h with the indicated concentrations of Chir99021. **h** Immunofluorescent staining and intensity quanification of p-GSK-3β and SKP2 were performed in intestinal epithelium from 2-month WT or NDRG2-/- mice. **i** Schematic representation of NDRG2 deletion mutants. The full length of NDRG2 contains NH2-terminal region, NDR domain (containing a putative α/β hydrolase fold), and carboxyl-terminal region. NDRG2 deletion mutants without NH2-terminal half (ΔN) or carboxyl-terminal half (ΔC) were generated as indicated. All constructs were tagged with FLAG. **j**, **k** We overexpressed full-length NDRG2, NDRG2ΔN, and NDRG2ΔC using relative expressing lentivirus in HT29 cells. The AKP activity **i** and indicated proteins **j** were determined, respectively

β-Catenin stability is known regulated by GSK-3β kinase activity. As the NDRG2 was shown decreases PI3K/AKT activity through the regulation of phosphatase and tensin homolog deleted on chromosome ten (PTEN) phosphatase activity \[[@CR25]\], it is reasonable to assume that GSK-3β kinase activity is affected by NDRG2 suppression of PI3K/AKT pathway. Expectedly, NDRG2 overexpression diminished the AKT phosphorylation at Ser473 site, and further increased GSK-3β activity via the reduction of GSK-3β phosphorylation at Ser9 site (Fig. [6e](#Fig6){ref-type="fig"}). Further, we introduced GSK-3β inhibitor LiCl and Chir99021. The Topflash activity was increased following LiCl treatment or WNT-3a expression, whereas the effect was blocked by NDRG2 overexpression (Fig. [6b](#Fig6){ref-type="fig"}). Chir99021 treatment induced Skp2 expression in a dose-dependent manner, and restored Skp2 mRNA and protein levels repressed by NDRG2 overexpression (Figs. [6f, g](#Fig6){ref-type="fig"}). Accordingly, the levels of Skp2 and phosphorylated GSK-3β, and the enrichment of TCF/LEF1 on Skp2 promoter were both increased in the colon tissue of *Ndrg2* knockout mice (Fig. [6h](#Fig6){ref-type="fig"}), indicating the way of NDRG2 repressing Skp2 by WNT pathway comprehensively exists in both human and mouse. By subjecting a series of NDRG2 deletion mutants to Skp2 expression, the loss of NH~2~-terminal domain can abolish NDRG2 repression of Skp2 and inductions of AKP activity, and p21 and p27 expression levels (Figs. [6i-k](#Fig6){ref-type="fig"}), indicating the necessary of NH~2~-terminal domain for NDRG2-induced CRC differentiation. Therefore, we here demonstrate that NDRG2 suppresses β-catenin expression and nuclear translocation via the regulation of PI3K/AKT/GSK-3β axis, and consequently blocks β-catenin/TCF/LEF complex transcriptional activity on Skp2 promoter.

NDRG2 suppression of Skp2 controls cell differentiation {#Sec9}
-------------------------------------------------------

Given the broad spectrum of biochemical and protooncogenic functions of Skp2, we then sought to determine whether the dramatic alteration of Skp2 levels in response to NDRG2 is functionally linked to NDRG2-induced cell differentiation. Previous study shows that Skp2 Ser72 (S72) phosphorylation is critical for Skp2 E3 ligase activity and function \[[@CR26]\], we introduced WT Skp2 and a mutant Skp2 construct, which has a mutated S72 residue from serine to alanine (S72A), respectively. WT Skp2 readily decreased endogenous p21 and p27 expression levels, and further blocked the induction of p21 and p27 by NDRG2, whereas Skp2 S72A was profoundly impaired in this function (Fig. [7a](#Fig7){ref-type="fig"}). Thus, Skp2 E3 ligase activity is required for NDRG2-driven p21 and p27 upregulations. Moreover, Skp2 expression restored cell viability diminished by NDRG2, and blocked NDRG2-induced AKP activity following NaBT treatment in addition (Figs. [7b, c](#Fig7){ref-type="fig"}). In contrast, Skp2 S72A markedly decreased this activity. Furthermore, the reduction of endogenous Skp2 by small interfering RNA (siRNA) induced E-cadherin expression and AKP activity, and the effect was more prominent in the presence of NaBT (Figs. [7d, e](#Fig7){ref-type="fig"}). We conclude Skp2 functions as an E3 ligase involved in NDRG2 induction of CRC cell differentiation.Fig. 7NDRG2 suppression of Skp2 controls cell differentiation. **a**-**c** We overexpressed wild-type Skp2 (wSkp2) and Skp2 S72A mutant (mSkp2) using relative expressing lentivirus in HT29 cells with or without NDRG2 expression. **a** Levels of the indicated proteins were determined in each cell population. **b** Cell viabilities in each group were determined by MTT assay. **c** AKP activity was determined in each cell population following a 48-h treatment of 2 mM NaBT. Data are expressed as means ±SD (*n* = 3). \**P* \< 0.05. **d**, **e** HT29 cells were transfected with control or Skp2 siRNA. 24 h after transfection, cells were treated with 2 mM NaBT for additional 48 h. Indicated protein levels and AKP activity were determined relatively. Data are expressed as means ±SD (*n* = 3). \**P* \< 0.05

Low NDRG2 expression and an NDRG2~low~/Skp2~high~ gene expression signature correlate with poor patient outcome {#Sec10}
---------------------------------------------------------------------------------------------------------------

The clinical significance of the reciprocal relationship between NDRG2 and Skp2 was determined in 112 CRC patients. NDRG2 was broadly lowly expressed in CRCs compared with adjacent normal colon tissues, whereas the expression pattern of Skp2 was the inverse association of NDRG2 (Figs. [8a, b](#Fig8){ref-type="fig"}). Further, in silico analysis of 383 primary CRC tissues of the multidimensional data set from TCGA revealed a negative correlation of NDRG2 and Skp2 mRNA expression levels (Fig. [8c](#Fig8){ref-type="fig"}), confirming our propose that NDRG2 regulation of Skp2 in transcriptional level. Statistical analysis showed Skp2 was highly expressed in the more aggressive CRCs, in which NDRG2 was less stained (Figs. [8d,](#Fig8){ref-type="fig"} [1b](#Fig1){ref-type="fig"}). Moreover, Skp2 was predominantly highly expressed in poor differentiated CRCs, in which NDRG2 was diminished (Figs. [8a, e](#Fig8){ref-type="fig"},[1c](#Fig1){ref-type="fig"}). Therefore, the expression levels of NDRG2 and Skp2 were positively and negatively associated with CRC differentiation status respectively. That is to say, NDRG2 regulation of Skp2 plays key roles during CRC progression and differentiation.Fig. 8Low NDRG2 expression and an NDRG2~low~/Skp2~high~ gene expression signature correlate with poor patient outcome. **a** Immunohistochemistry staining of NDRG2 and Skp2 in human adjacent normal and cancerous colon tissues from CRC patients. **b** Negative correlation between NDRG2 and Skp2 expression levels with linear regression and Pearson's correlation significance (*P* *\<* 0.0001, ANOVA test). **c** Negative correlation between NDRG2 and Skp2 mRNA expression patterns in TCGA cbioportal data set with linear regression and Pearson's correlation significance (*P* \< 0.001, ANOVA test). **d,** **e** Skp2 expression by immunohistochemistry staining in human tissues at different stage **d** or differentiation status **e**. **f**, **g** Kaplan--Meier plots indicate the clinical outcomes for Skp2 expression **f** and NDRG2~low~/Skp2~high~ expression signature **g** by immunohistochemistry staining in CRCs. *n* indicates the number of patient samples evaluated in each analysis. *P*-values were calculated using the Mantel--Cox log-rank test. **h** The proposed mechanism of NDRG2 action in regulation of CRC differentiation

It has been demonstrated that low NDRG2 expression correlated with decreased survival (Figs. [1e, f](#Fig1){ref-type="fig"}). Although Skp2 expression alone had no significant power in terms of overall survival (Fig. [8f](#Fig8){ref-type="fig"}), low NDRG2 expression showed a most evident correlation with decreased survival in patients whose tumors also had high Skp2 expression (Fig. [8g](#Fig8){ref-type="fig"}). We conclude that low NDRG2 expression correlates with poor prognosis; however, the negative effect of low NDRG2 expression is most evident when Skp2 levels are also high. Thus, the NDRG2~low~/Skp2~high~ gene signature is correlated with poor clinical outcome in CRCs. The reciprocal regulatory relationship between NDRG2 and Skp2 contributes to CRC differentiation and aggressive phenotype.

Discussion {#Sec11}
==========

Differentiation has long been recognized to be of importance in solid tumors in which undifferentiated histology is usually a marker of tumor aggressiveness and poor prognosis. Confirming this point, we observed a high correlation between differentiation stage and survival in CRC patients (Fig. [1d](#Fig1){ref-type="fig"}). The association of NDRG2 with tumor differentiation has been recognized for long time \[[@CR21], [@CR22]\]. However, how NDRG2 confers to the differentiation process during tumor progression is largely unknown. Our study investigated the mechanism of NDRG2 coordinates colon epithelial cell differentiation and the role of its aberrant expression in CRC evolution. The data demonstrate for the first time that NDRG2 attenuates Skp2 expression through inhibiting β-catenin nuclear translocation, and consequently blocks the ubiquitinations and degradations of p21 and p27, which confers to the promotion of cell differentiation (Fig. [8h](#Fig8){ref-type="fig"}). Due to the high correlation of NDRG2~low~/Skp2~high~ gene expression signature with poor CRC patient outcome, NDRG2-dependent repression of Skp2 presumably is the predominant route by which NDRG2 drives cell differentiation.

The diminished rate of cell cycle progression is one of the characters of differentiated cells. The Cip/Kip belongs to CDK inhibitor family, including p21/Cip1 and p27/Kip1. Accumulated evidence shows that elevated p21 or p27 expression causes growth inhibition in various cancers \[[@CR27], [@CR28]\]. Moreover, unlike p53, the frequency of cancer-related somatic mutations in the Cip/Kip genes is rare \[[@CR29], [@CR30]\], which underlines the importance of p21 and p27 expression regulation for cell transformation. We here observed that p21 and p27 are involved in NDRG2 effects on the blockage of cell growth and cell cycle, and the induction of differentiation in CRCs. The pivotal role of NDRG2 induction of p21 and p27 is supported by shRNA experiments where reducing p21 or p27 levels causes attenuation of NDRG2-induced cell differentiation and growth inhibition. The ablation of p21 had a greater effect on this reversal compared with p27, indicating that p21 might be the preferential functional target of NDRG2.

The increased protein stabilities of p21 and p27 by NDRG2 raise the possibility that this regulation is through E3 ligase Skp2, which was a critical regulator of cell cycle progression via targeting several CDK inhibitors for degradation. We first observed a high correlation between NDRG2 induction and Skp2 reduction in either long-term or short-term induced CRC cell differentiation models. Further, NDRG2 is shown to repress Skp2 both on mRNA and protein levels, indicating NDRG2 regulating Skp2 transcription. The involvement of Skp2 in NDRG2-induced differentiation was confirmed with rescue expression of WT Skp2 and mutant Skp2 S72A in CRC cells. S72A mutation can evade Akt-mediated phosphorylation of Skp2, which was crucial for the SCF complex formation and the E3 ligase activity \[[@CR26]\]. As expected, WT Skp2 reversed NDRG2 induction of CRC differentiation and growth inhibition, whereas Skp2 S72A cannot. Contrary to p27, which is regulated through protein stabilization, p21 is found regulated at both the transcriptional and post-transcriptional levels by NDRG2 expression. However, the increased mRNA levels of p21 are not sufficient in itself to explain the strong induction of its protein levels by NDRG2. Thus, NDRG2 repression of Skp2 is still the primary route for increased p21 and p27 expression levels. Beyond that, Skp2 has also been shown regulate a number of biological behaviors, including epithelial--mesenchymal transition, glycolysis, and cancer stem cell traits \[[@CR15], [@CR31]\], which indicates the comprehensive role of NDRG2 in regulation of Skp2 besides differentiation.

It is widely accepted that WNT pathway plays a central role in the etiology of CRCs \[[@CR2], [@CR4], [@CR24]\]. The activation of WNT signal induces nuclear translocation of β-catenin through the repression of APC/axin/GSK-3β complex, and further activates oncogenic signals by β-catenin/TCF complexes. Skp2 is one of the important targets that is transcriptionally regulated by WNT pathway. The activated β-catenin/TCF complexes induce Skp2 transcription via the recognition of two TCF/LEF1 consensus binding sites in Skp2 promoter \[[@CR16]\]. As NDRG2 has been shown represses β-catenin and TCF/LEF activities in previous study \[[@CR32]\], it is reasonable to assume that NDRG2 suppression of Skp2 transcription is through the blockage of WNT/β-catenin pathway. Confirming this point, NDRG2 expression dramatically reduced the total and nucleus fraction of β-catenin. Accordingly, the occupancies of TCF/LEF complex on Skp2 promoter were markedly decreased in the presence of NDRG2. Further, with the introduction of GSK-3β inhibitor, we found NDRG2 suppression of Skp2 was dependent on GSK-3β activation. It is reported that NDRG2 decreased PI3K/AKT activity through the regulation of PTEN phosphatase activity, and activated GSK-3β in turn \[[@CR25]\]. Thus, NDRG2-dependent activation of GSK-3β through PI3K/AKT pathway was at least one of the routes in terms of suppression of Skp2.

We and other groups found highly NDRG2 expression (NDRG2~high~) were correlated with better CRC outcome \[[@CR33], [@CR34]\]. In this study, we further confirmed this result both in a cohort study of CRC tissues from 112 patients and TCGA data set. Thus, decreased NDRG2 levels appeared to be a relatively early event in tumorigenesis and low NDRG2 levels correlated with worse prognosis later in tumorigenesis. Skp2 overexpression was a feature of poor differentiated tumors \[[@CR35], [@CR36]\], and a previous study showed that Skp2 correlated with worse clinical outcome \[[@CR37]\]. However, although there was a tendency of better survival in reduced SKP2 expression of CRC patients, we did not confirm high Skp2 levels correlated with overall survival. Noticeably, we found that an NDRG2~low~/Skp2~high~ gene signature was highly correlated with poor clinical outcome in CRCs. Although low NDRG2 expression correlates with poor prognosis, the negative effect of reduced NDRG2 expression was most evident with increased Skp2 levels. These results validated the pathological significance of the reciprocal regulatory relationship between NDRG2 and Skp2 described here and suggest that the deleterious effects of low NDRG2 expression are exacerbated by high Skp2 expression. Further, we also observed a highly correlation of NDRG2~high~/p21~high~ or NDRG2~high~/p27~high~ gene signature with a better outcome from CRCs in TCGA data set, which verified the clinical significance of Skp2-p21/p27 axis in NDRG2-induced CRC differentiation.

It is widely accepted that NDRG2 contains a putative α/β-hydrolase fold domain (NDR domain), but lacks the expected enzymatic catalytic motif \[[@CR38]\]. Thus, the key region of NDRG2 function as a tumor suppressor is not limited to homeodomain of α/β-superfamily. We here generated NDRG2 deletion mutants without either NH~2~-terminal half or carboxyl-terminal half. The loss of NH~2~-terminal domain can completely abolish NDRG2 repression of Skp2 and induction of AKP activity, indicating the necessary of NH~2~-terminal domain for NDRG2-induced CRC differentiation. Further studies are needed to fully address the specific functional motifs in the NH~2~-terminal half of NDRG2.

Taken together, out data provide the first evidence that NDRG2 functions as a critical regulator of CRC differentiation. NDRG2 suppresses β-catenin nuclear translocation, and blocks β-catenin/TCF/LEF complex transcriptional activity on Skp2 promoter, which in turn increases p21 and p27 stabilities and expression levels via Skp2 suppression. As such, we point out an NDRG2~low~/Skp2~high~ gene expression signature is correlated with poor patient outcome and could be considered as a diagnostic marker of CRCs.

Materials and methods {#Sec12}
=====================

Tissue samples and immunohistochemistry staining {#Sec13}
------------------------------------------------

This study was approved by the ethics committee of the Fourth Military Medical University. All 112 patients and the 681 subjects in the CRC sample study cohort provided full consent for the study. The tumor diagnosis and immunohistochemistry staining were performed as described previously \[[@CR20]\].

Animals {#Sec14}
-------

*Ndrg2* conditional knockout (*Ndrg2*-/-) were generated by Shanghai Biomodel Organism Science & Technology Development Co., Ltd and maintained on C57BL6/J background. All animals were raised under specific pathogen-free conditions. One- to 3-month-old mice were used in experiments. WT mice and *Ndrg2*-/- mice were age-matched and all mice used were male. Typically, six mice were used for each group of treatment and all experiments were repeated at least three times.

Immunofluorescence assay {#Sec15}
------------------------

For immunofluorescent staining, the whole colon was taken and fixed with formalin, incubated with indicated antibodies, and following fluorescein isothiocyanate (FITC)-conjugated secondary antibodies and counterstained with 4\',6-diamidino-2-phenylindole (DAPI). The sections were captured by confocal laser scanning microscopy (Nikon, Japan) and the fluorescence intensity of immunofluorescence images were measured by ImageJ for quantification of five areas per slide.

Plasmid construction {#Sec16}
--------------------

DNA fragments encoding human NDRG2 deletion mutant without NH~2~-terminal half (ΔN) or carboxyl-terminal half (ΔC) were amplified by PCR from the pcDNA3.1-NDRG2 plasmid. WT pBabe-Skp2 and pBabe-Skp2 S72A mutant were kindly gifts from Dr. Hui-kuan Lin (The University of Texas MD Anderson Cancer Center, Houston, USA). S72 is the site for Akt-mediated Skp2 activation in vivo. Previous study confirmed that mutation of S72 site is critical to abolish Skp2-mediated target protein degradation. SKP2 and control siRNA are 21-bp synthetic molecules corresponding to SKP2 and the firefly luciferase gene relatively. The p21 shRNA sequence used to knockdown p21 expression was 5′-CCGGGAGCGATGGAACTTCGACTTTCTCGAGAAAGTCGAAGTTCCATCGCTCTTTTTG-3′ (p21-sh233) and 5'-CCGGGACAGATTTCTACCACTCCAACTCGAGTTGGAGTGGTAGAAATCTGTCTTTTTG-3′ (p21-sh535). The p27 shRNA sequence used to knockdown p27 expression was 5′-CCGGGAGCAATGCGCAGGAATAAGGCTCGAGCCTTATTCCTGCGCATTGCTCTTTTTG-3′. (Shanghai GenePharma). Scramble was used as negative control. NDRG2-overexpressing and shRNA lentivirus were generated and infected as described previously \[[@CR39]\].

Luciferase reporter assay {#Sec17}
-------------------------

HT29 cells were transfected with TOPflash or FOPflash and the indicated protein-expressing vectors. In all, 20 mM of LiCl (Sigma) was added to the medium for 12 h. Then cells were lysed according to the manufacturer's instructions of dual-luciferase reagent assay kit (Promega, Madison, WI).

Cell culture and differentiation induction and analysis {#Sec18}
-------------------------------------------------------

HT29, HCT116, and Caco-2 cells were purchased from ATCC and cultured in Dulbecco's modified Eagle\'s medium (DMEM) supplemented with 10% of fetal calf serum. Cell differentiation was induced as described previously \[[@CR22]\]. For the intestinal AKP activity assay, the activity was measured by IAP kit (Jiancheng-Nanjing, China) according to the manual instructions.

Cell growth and viability assays {#Sec19}
--------------------------------

MTT assay, EDU incorporation assay, and cell cycle assay were performed as described previously \[[@CR19], [@CR20], [@CR22]\]. For serum starvation, cells were incubated in DMEM without serum for 72 h, and then the medium was replaced with 10% fetal bovine serum medium for the times indicated.

Quantitative PCR {#Sec20}
----------------

Extract the RNA and generate complementary DNA through GoScript Reverse Transcription System (Promega). The quantitative PCR assay was performed as described previously \[[@CR40]\]. Primer sequences are available on request.

In vivo ubiquitination assay {#Sec21}
----------------------------

Control or NDRG2-overexpressing HT29 cells were transfected with pcDNA3.1, pcDNA3.1-p21, or pcDNA3.1-p27 accompanied with pcDNA3.1(+)−3 × HA-Ub. The in vivo ubiquitination assay was then performed as described previously \[[@CR41]\].

Western blotting {#Sec22}
----------------

The cells were lysed and the concentrations were measured by BCA™ protein assay kit (Thermo Scientific). In all, 40 μg proteins were separated by sodium dodecyl sulfate--polyacrylamide gel electrophoresis (SDS--PAGE) and transferred to nitrocellulose membranes (Hybond ECL). Primary antibodies were then introduced at dilutions of 1:1000 for anti-Skp2 (Santa Cruz Biotechnology, sc-7164), 1:1000 for anti-NDRG2 (ABNOVA, H00057447-M03), 1:1000 for anti-p21 (Cell Signaling Technology, 2947), 1:1000 for anti-p27 (Cell Signaling Technology, 2552), 1:500 for anti-E-cadherin (BD Bioscience, MAB1838), anti-Cyclin D1 (Cell Signaling Technology, 2922), anti-CDK2 (Abcam, ab32147), anti-CDK4 (Abcam, ab108357), anti-p-Akt (Ser473) (Cell Signaling Technology, 4060), anti-Akt (Cell Signaling Technology, 2938), anti-p-GSK-3β(Ser9) (Cell Signaling Technology, 9322), anti-GSK-3β (Cell Signaling Technology, 9315), anti-β-catenin (Sigma, C2206), and anti-β-actin (Sigma, A5441). Secondary antibodies were then added against the primary antibodies. The blots were detected by chemiluminescence (Pierce) or Odyssey Imaging System (Li-Cor Biosciences, NE).

Chromatin immunoprecipitation {#Sec23}
-----------------------------

The chromatin immunoprecipitation (ChIP) analysis was performed using the ChIP Assay kit (Upstate Biotechnology, Charlottesville, VA, USA) as described previously \[[@CR20]\]. The sequences of PCR primers detecting Skp2 promoter are available on request.

Protein degradation assay {#Sec24}
-------------------------

NDRG2-overexpressing HT29 and Caco-2 cells and control cells were incubated with CHX (10 μg/ml, Sigma) for indicated time. Cells were then harvest and western blotting was performed as described above.

In vivo tumorigenicity assay {#Sec25}
----------------------------

Four- to 6-week-old athymic mice (four mice per group) were injected subcutaneously indicated cells (1 × 10^7^ cells per mouse). Tumor volume was measured and calculated as indicated \[[@CR41]\].

TCGA patient data analysis {#Sec26}
--------------------------

The Cancer Genome Atlas cBioPortal was used to determine overall patient survival and the tendency for co-occurrence of NDRG2, Skp2, p21, and p27 alterations in the data set for Colorectal Adenocarcinoma (TCGA, Provisional). NDRG2, Skp2, p21, and p27 were entered as the query genes and overall survival and co-expression was provided through the cBioPortal user interface. The raw data were downloaded from TCGA through the cBioPortal and manually graphed in Prism (Graphpad) with relative mRNA alterations. For gene expression association analysis, gene expression levels were normalized for each patient to the median expression across all patients. A log conversion was applied to the normalized, averaged NDRG2 mRNA and Skp2 mRNA expression levels and then plotted as a correlation graph in Prism software with a linear regression curve.

Survival analysis {#Sec27}
-----------------

Survival analysis was determined with CRC patient progression-free survival data from FMMU or TCGA data set. Patient data with valid gene mRNA or protein expression levels were used to estimate medians and bounds for upper and lower means. Kaplan--Meier survival graphs were plotted, and log-rank tests were performed.

Statistical analysis {#Sec28}
--------------------

Data are expressed as mean±SD. Statistical analysis was performed with the SPSS10.0 software package by using Student's *t*-test for independent groups. Statistical significance was based on a value of *P* ≤ 0.05.
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